Results
We begin with some terminology that is used throughout this study. As shown in Fig  1  4  4 1, a synteny block is defined as a region of genome sequence spanning a number of genes 1 4 5
that are orthologous and co-arranged with another genome. Orientation is not considered 1 4 6 (Fig 1, Block a and b) . The minimum number of co-arranged orthologs which are said to 1 4 7 be the anchors can be set and vary between different studies. A larger number of 1 4 8 minimum anchors may result in fewer false positives, but also a more conservative 1 4 9 estimate of synteny blocks (S1 Fig) . In some programs, some degrees of gaps are 1 5 0 tolerated (Fig 1, Block c) , which are defined as the number of skipped genes or the length 1 5 1 of unaligned nucleotides. A score is usually calculated, and synteny breaks are therefore 1 5 2 regions that do not satisfy a certain score threshold. Possible scenarios that lead to 1 5 3 synteny breaks include a lack of anchors in the first place (Fig 1, break a) , a break in 1 5 4
anchor order (Fig 1, break b ), or gaps (Fig 1, break c) . Genome insertions and 1 5 5
duplications are potential causes of over-sized gaps. An example is Break c of Fig 1,  1 To quantify the effect of assembly contiguation in synteny analysis, we used four 2 4 0 nematode genomes: Caenorhabditis elegans, Caenorhabditis briggsae, Strongyloides 2 4 1 ratti and Strongyloides stercoralis. Nematodes are useful models in synteny analysis as 1) 2 4 2 extensive chromosomal rearrangement are hallmarks of their genome evolution 2 4 3 [7, 25, 26, 43, 44] ; 2) the genome sequences are highly contiguous and assembled into 2 4 4 chromosomes [7, 25, 26, 43] . Also, these two genera were chosen to investigate the 2 4 5
intrinsic species effect as they differ in their density of genes (Table 1) . Our 2 4 6
fragmentation approach was first used to break the C. elegans and S. ratti genomes into 2 4 7
fixed sequence size of either 100kb, 200kb, 500kb, or 1Mb. Here, we define the error rate 2 4 8
as the difference between the original synteny coverage (almost at 100%) and when 2 4 9
assembly is fragmented. For each fixed length, the fragmentation was repeated 100 times 2 5 0 so assemblies are broken at different places to obtain a distribution. As expected, there is 2 5 1 a positive correlation between error rate and level of fragmentation. Specifically, the 2 5 2 median error rate can be as high as 18% at assemblies with sequence length of 100kb (S2 2 5 3 Table) . Amongst the four tools, fragmented assemblies have largest effect in MCScanX 2 5 4
and least in SynChro (Fig 4 and S2 Table) . 2 5 5 2 5 6
A common analysis when reporting a new genome is inferring synteny against a 2 5 7 closely related species. Hence, we reanalyzed synteny between C. elegans and C. 2 5 8 briggsae, S. ratti and S. stercoralis. On average, the four tools found 77% and 83% 2 5 9
synteny between C. elegans-C. briggsae and S. ratti-S. stercoralis respectively (S2 2 6 0 Table) . In contrast to broad agreement on within-species self-comparisons, the tools 2 6 1 varied considerably on these inter-species (i.e. more diverged) comparisons (S6 Fig and  2  6  2  S2 Table) . For example, in the C. elegans-C. briggsae comparisons, a difference of 25% 2 6 3 in synteny coverage was found between the results of i-ADHoRe and SynChro (S6 Fig  2  6  4 and S2 Table) , while this tool variation was interestingly much lower in S. ratti-S. 2 6 5 stercoralis with only 9% difference (S2 Table) . To increase the complexity, we 2 6 6
fragmented C. briggsae and S. stercoralis into fixed sequence sizes using the same 2 6 7 approach as previously mentioned and compared them with the genome of C. elegans and 2 6 8 S. ratti, respectively. We found that MCScanX still underestimated synteny the most as 2 6 9
the scaffold size decreased from 1Mb to 100 kb. Strikingly, the median error rate was 2 7 0 high as 40% in C. elegans-C. briggsae but only 12% in S. ratti-S. stercoralis comparisons 2 7 1 (Fig 4) . This observation suggests that higher gene density leads to more robustness in 2 7 2 synteny detection in fragmented assemblies as more anchors (genes) are available in a 2 7 3
given sequence ( Erroneous findings using fragmented assemblies in synteny analysis 2 8 9 2 9 0
Functional enrichment of genes of interest are usually investigated after the 2 9 1 establishment of orthology and synteny [26, [45] [46] [47] [48] . Synteny breaks contain 2 9 2 rearrangements, novel genes, or genes that are too diverged to establish an orthologous 2 9 3 relationship or have undergone expansion or loss. Functions of these genes are often of 2 9 4
interest in comparative genomics analyses. To further estimate the effect of poor 2 9 5
assembly contiguation on synteny analysis, GO enrichment was performed for genes 2 9 6 present in synteny breaks in the original assembly of C. elegans versus fragmented 2 9 7 assemblies of C. briggsae. This approach was then repeated 100 times each with 2 9 8 assemblies fragmented randomly. We found that fragmented assemblies lead to GO terms 2 9 9
originally not in the top 100 ranks then consistently appearing in the top 10 during the 3 0 0 100 replicates (Fig 5 and S3-6 Table) . Furthermore, the orders of the original top 10 GO 3 0 1 terms shifted in fragmented assemblies (Fig 5 and S3-6 Table) . In addition, the 10th top 3 0 2
GO term failed to appear in the top 10 in 100 replicates of 100kb and 200kb fragmented the Y axis. For original top ranking GO terms, only those that appeared more than 10 3 1 1 times in top 10 ranks of after-fragmentation comparison replicates were displayed (see S6  3  1  2 Table for more details). The X axis shows top 10 ranks and rank "out of top 10" in the 3 1 3
comparison when assemblies were fragmented. The darkness of color is proportional to 3 1 4
the occurrence of the GO term in that rank within 100 replicates. Regions in red are 3 1 5
indications of occurred errors. 3 1 6 3 1 7
True synteny is compromised by reference-guided assembly methods 3 1 8 3 1 9
Although assembly quality plays an important role in synteny analysis, it has been 3 2 0 demonstrated that poor assembly contiguity of one species can be scaffolded by 3 2 1 establishing synteny with a more contiguous assembly of a closely related species [40] 3 2 2
[49-51]. However, we hypothesised that the true synteny relationship between two 3 2 3 species may be incorrectly inferred when an assembly of one species is scaffolded based 3 2 4
on another closely related species, by assuming the two genomes are syntenic. In order to 3 2 5
investigate this, ALLMAPS [51] was used to order and orient sequences of 100kb 3 2 6
fragmented C. briggsae based on C. elegans as well as 100kb fragmented S. stercoralis 3 2 7
assembly based on S. ratti. ALLMAPS improved both fragmented assemblies 3 2 8
impressively, increasing the N50 from 100kb to 19Mb and 15Mb in C. briggsae and S. 3 2 9
stercoralis, respectively (S7 Table) . Synteny coverage from these improved assemblies 3 3 0 was even higher than the original fragmented 100kb sequences in MCScanX, much lower 3 3 1 in i-ADHoRe, and similar in DAGchainer and SynChro ( Fig 6) . In addition, despite 3 3 2
synteny coverage close to that of the original assemblies in DAGchainer and SynChro, 3 3 3
further investigation of synteny block linkages in C. elegans-C. briggsae using 3 3 4
identification from DAGchainer revealed frequent false ordering and joining of synteny 3 3 5
blocks. Intra-chromosomal rearrangements are common between C. elegans and C. 3 3 6
briggsae, but ALLPMAPS improved assembly have shown a false largely collinear 3 3 7
relationship in the chromosomes between the two species (Fig 7) . Hence, reference 3 3 8
guided assembly improvement produces pseudo-high quality assemblies that may have 3 3 9
ordering biased towards the reference genome and may not reflect the true evolutionary 3  5  2  3  5  3  3  5  4 Annotation quality has little effect on synteny analysis 3 5 5 3 5 6
Genome annotation is a bridging step between genome assembly and synteny 3 5 7
analysis. An incomplete annotation may lead to lack of homology information in synteny 3 5 8
analysis. We compared synteny coverage in three datasets of C. elegans that differ in 3 5 9
quality of annotation: The statistics that relate to variation of annotation that may play a key role in synteny 3 6 9
detection are highlighted in yellow. The result of synteny detection by DAGchainer is 3 7 0 highlighted in grey. Synteny analysis is a practical way to investigate the evolution of genome structure 3 7 5
[28-30,55]. In this study, we have revealed how genome assembly contiguity affects 3 7 6 synteny analysis. We present a simple scenario of breaking assembly into more 3 7 7
fragmented state, which only mimics part of the poor assembly problem. Our genome 3 7 8 fragmentation method randomly breaks sequences into pieces with the same size, which 3 7 9
gives rise to an almost even distribution of sequence length. This is a simplification of 3 8 0 real assemblies, which usually comprise few large sequences and many more tiny 3 8 1 sequences that are difficult to assemble because of their repetitive nature [25, 26] . It is 3 8 2 probable that we overestimate error rate in regions that can be easily assembled but 3 8 3
underestimate error rate in regions that will be more fragmented. Note some of the 3 8 4
sequences in real assemblies may contain gaps (scaffolds) which will result in more 3 8 5
missing genes and will result in further underestimation of synteny. Our result is quite 3 8 6 similar when a de novo Pacbio C. elegans assembly was compared to the reference 3 8 7 genome (S1 Table) . The use of long read technology is becoming the norm in de novo 3 8 8
assembly projects. Assemblies with lower contiguation were not compared here as we 3 8 9
emphasize the responsibility of research groups to produce assemblies that are of the 3 9 0 higher contiguity made possible by long reads [56]. 3 9 1 3 9 2 3 9 3
Synteny identification from different programs (i.e., DAGchainer [35], i-ADHoRe 3 9 4
[37], MCScanX [36] , and SynChro [38]) performed across different species (C. elegans, 3 9 5 C. briggsae, S. ratti and S. stercoralis) have allowed us to examine the wide-ranging 3 9 6 effects of assembly contiguation on downstream synteny analysis. Although the four 3 9 7
programs tend to produce the same results when the original assembly is compared to 3 9 8
itself, this was no longer the case as assemblies become fragmented. It is interesting to 3 9 9
note that DAGchainer and MCSanX use the same scoring algorithm for determining 4 0 0 synteny regions, except that DAGchainer uses the number of genes without orthology 4 0 1 assignment as gaps while MCSanX uses unaligned nucleotides to do this. When 4 0 2 comparing closely related species, results of the four programs fluctuate even without 4 0 3 fragmentation in Caenorhabditis species, while the pattern remains similar to 4 0 4
self-comparison in Strongyloides species. Sensitivity of synteny identification drops 4 0 5
sharply as the genome assembly becomes fragmented, and thus genome assembly 4 0 6
contiguation must be considered when inferring synteny relationships between species. 4 0 7
Our fragmentation approach only affects N50, which mostly leads to loss of anchors in 4 0 8 synteny analysis. Other scenarios such as unknown sequences (NNNs) in the assembly, 4 0 9
or rearrangements causing a break in anchor ordering (Fig 1, break b) , or 4 1 0 insertions/deletions (Fig 1, break c) were not addressed and may lead to greater 4 1 1
inaccuracies .  4  1  2  4  1  3  4  1  4 We have shown that genomic features such as gene density and length of intergenic 4 1 5
regions play an essential role during the process of synteny identification (Fig 4 and  4  1 6 Table 1; S2 Table) . Synteny identification can be established more readily in species with 4 1 7
higher gene density or shorter intergenic space, which is related to the initial setting of 4 1 8 minimum anchors for synteny identification (Fig 1 and S1 Fig) . Repetitiveness of 4 1 9
paralogs is another factor in how anchors were chosen from homology assignment. For 4 2 0 example, we found that synteny coverage is low along chromosomal arm regions of C. 4 2 1 elegans in both self-comparison and versus C. briggsae, which has been reported to have 4 2 2 expansion of G protein-coupled receptor gene families [25] (Fig 2 and S6 Fig) .
Nevertheless, this case may be a result of a combination of repetitive paralogs and high 4 2 4 gene density. 4 2 5 4 2 6
Interestingly, synteny comparison with improved assemblies using ALLMAPS [51] 4 2 7
exhibited unexpected variation among programs. Unfortunately, we did not resolve the 4 2 8
reason behind sharp decrease of synteny coverage in i-ADHoRe (Fig 6) . Nevertheless, we 4 2 9
have shown that it is dangerous to improve an assembly using a reference from closely 4 3 0
related species without a priori information about their synteny relationship. Subsequent 4 3 1 synteny identification would be misleading if the same reference was compared again. 4 3 2
We also considered the interplay between genome annotation, assembly and synteny 4 3 3
identification. Although it may be intuitive to assume lower annotation quality can lead to 4 3 4 errors in synteny analysis, we demonstrated that such influence was minimal if an initial 4 3 5 genome assembly of good contiguation is available (Table 2) . 4 3 6 4 3 7
In conclusion, this study has demonstrated that a minimum quality of genome 4 3 8
assembly is essential to synteny analysis. As a recommendation, to keep the error rate 4 3 9
below 5% in synteny identification, we suggest an N50 of 200kb and 1Mb is required 4 4 0 when gene density of species of interest are 290 and 200 genes per Mb, respectively 4 4 1 (Table 1 and S2 Table) . This is a minimum standard and a higher N50 may be required 4 4 2 for other species with lower gene density or highly expanded gene families. it has an implemented program called OPSCAN to achieve scanning of gene orthology. 4 7 3
We arranged the parameters, DAGchainer (accessory script filter_repetitive_matches.pl 4 7 4
was run with option 5 before synteny identification as recommended by manual; options: 4 7 5
-Z 12 -D 10 -A 5 -g 1), and only focused on Biological Process (options: nodeSize = 3, algorithm = "weight01", 4 8 9 statistic = "Fisher"). Gene ontology associations files for C. elegans and C. briggsae 4 9 7 4 9 8
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